This paper reports a packaging technology involving a lightweight, low temperature bonding process with a polymer-metal composite thin film microcap. A layer of SU-8, in the form of sealing rims, is used as an adhesive to bond the micro and nano-electromechanical systems (MEMS/NEMS) substrate with the microcap due to the excellent properties of SU-8 as a packaging material. A silicon oxide thin film layer is formed on the carrier wafer by using a furnace to separate the microcap from the carrier wafer once the bonding process between the host and the carrier wafer is complete. In addition, the thin-film polymer microcap retains its original shape and acts as a protective layer for the cavity after the carrier wafer is released. To characterize the bonding strength, tensile tests have been carried out, and the measurement results show that the bond strength is up to ∼15 MPa. This means that the proposed packaging method, with the thin-film polymer microcap on the host wafer, was successfully realized by the low temperature bonding and transfer process. Finally, to check and verify the mechanical conditions, such as stress and deflection, of the microcap in the atmosphere, finite element (FE) analysis has been performed.
INTRODUCTION
For the integration of micro and nanoscale structures to produce cheaper and better quality components, micro and nano-electromechanical systems (MEMS/NEMS) technology has been applied to various devices such as switches, resonators, sensors and capacitors. Therefore, the necessity for efficient packaging of these MEMS/NEMS-based components has rapidly increased. However, it is significantly more expensive, larger and heavier than that of integrated circuit packaging and often amounts to more than 70% of the total cost of a microsystem. [1] [2] [3] The main advantages of MEMS/NEMS packaging partly involves a reduction in size and weight that it affords, but primarily lies on the potential of wafer-level packaging technology to improve the electrical performance at a comparable or even reduced manufacturing cost.
Any bonding technique must provide a relatively strong bond at the lowest possible temperature, because higher temperatures could harm the metallization layers and * Author to whom correspondence should be addressed.
introduce considerable stress to the bonded materials. Adhesive wafer bonding, which is IC compatible, is superior to other established bonding techniques, such as anodic or direct bonding in terms of the process temperature. Among the various amorphous polymers, polyimides, 4 5 benzocyclobutene (BCB), 6 -8 parylene, [9] [10] [11] epoxy 12 and photoresists 13 have been investigated as possible intermediate layers for wafer bonding. One of these polymers, the negative photoresist SU-8, [14] [15] [16] [17] [18] [19] was used in this paper because it is a highly crosslinked epoxytype photo-patternable polymer, and it has useful properties, including photosensitivity, transparency to visible light and high chemical and thermal stabilities as well as good mechanical characteristics. These properties have led to SU-8 being used in MEMS/NEMS fabrication to obtain movable and rigid micro and nanomechanical structures such as micro-channels, optical waveguides, wafer bonding layers, and packaging coating layers. This paper proposes a MEMS/NEMS packaging scheme, with a low temperature bonding process, using the patternable negative photoresist SU-8. The SU-8 serves as the microcap structure material and the bonding adhesive layer between the microcap and the host wafer. Experiments have been conducted to examine polymer bonding with the SU-8 microcap and sealing rim at a temperature of 120 C, in which a pressure of 0.15 MPa was applied for 30 min. The SU-8 microcap was fabricated and separated, from the carrier wafer to the host wafer, using transfer technology. In comparison to general packaging methods, requiring relatively high temperature bonding, such as eutectic, anodic and fusion bonding, this packaging method involves a low temperature process. In addition, it provides a simple, easy assembly process for MEMS/NEMS packaging by utilizing SU-8 as a microcap structure and sealing material. Finally, FE analysis has been performed to verify the mechanical conditions of the experimental results.
EXPERIMENTAL DETAILS
The packaging structure contains two parts as follows: the silicon host wafer with the integrated MEMS/NEMS devices and the SU-8 microcap structure shown in Figure 1 .
The negative photoresist SU-8-2050 (Microchem Corporation), 20 is used as the cap structure and the intermediate adhesive bonding layer. Due to its high crosslinking density after curing, the SU-8 is mechanically strong and so can be used as a structural material. The material properties of the photo-patternable SU-8 are listed in Table I .
The advantages of the SU-8 for packaging applications are that it provides a relatively low-cost, low temperature processing method that can easily be used at the wafer level. This packaging process consists of successive wafer level bonding and releasing steps. A cavity with the desired thickness is formed for the cap structure by using KOH wet etching. The thickness of the cap structure can be readily varied by spin coating different thicknesses of the SU-8 film. Once the cap silicon wafer is completely separated by wet etching, a successful SU-8 cap structure can readily be formed. Figure 2 shows the fabrication process for the SU-8 microcap on the carrier wafer. A four-inch silicon wafer, with a thickness of 520 m polished on one side is used as the carrier and host wafer. First, an oxide passivation layer was deposited on the carrier wafer and etched for use as a mask for the KOH wet etching ( Fig. 2(a) ). With the mask layer, the carrier wafer was anisotropically etched by 20 wt% KOH, at 80 C, to form a cavity, until its thickness is about 70 m ( Fig. 2(b) ). Then, silicon oxide (8,000 Å) was grown on the cavity surface, in a furnace (wet thermal oxidation), as a sacrificial layer for the separation process ( Fig. 2(c) ). The carrier wafer was cleaned in a piranha solution, at 110 C for 10 min., and then rinsed with deionized water. Before coating with the SU-8-2050, a dehydrating treatment was performed on the wafer, at 250 C for 30 min., to improve the adhesion of the SU-8-2050 film. Next, a thick photoresist (SU-8-2050) layer was spin coated with a thickness less than that of the cavity depth (70 m) and patterned to form the bonding ring and the polymer microcap structure ( Fig. 2(d) ). To evaporate the solvent contained in the photo-definable materials, a softbake process was performed at 95 C. Solvent-free SU-8 has low shrinkage resulting in low internal stress and better alignment registration. It also has high resistance to moisture and low weight loss. 22 Then, the post exposure bake (PEB) was performed to selectively cross-link the exposed parts of the film. The soft and post exposure bake were performed in a progressive thermal ramp to avoid photoresist microcracking. Finally, the SU-8 pattern was formed on the carrier wafer by developing it in propyleneglycol-methyl-ether-acetate (PGMEA), and rinsed in isopropanol (IPA) (Fig. 2(e) ). The unexposed, and therefore not crosslinked areas, were dissolved during the development process.
Fabrication of the SU-8 Microcap

Bonding Process
Before the adhesive bonding process, a 25 m thick layer of SU-8-2050 was spin coated and patterned on a 4-inch host silicon wafer by photolithography. The line width of the bonding ring was 150 m. The SU-8 patterned carrier wafer and the host wafer were then aligned using an optical vision system. The aligned wafer pair was then placed in the bonder (TPS-1000A, BNP Science, Korea), and the bonder chamber was evacuated to 10 −3 mbar. The sandwich structure was pressed together in the bonder with temperature and pressure control. For bonding with the intermediate layer, the calculated contact pressure of 0.15 MPa was applied to the bonding pairs. For the curing process, the temperature was ramped linearly, from room temperature to the optimized temperature, at a rate of 3 C min −1 , and the overall process time was 30 min., to fully crosslink both of the SU-8 films shown in Figure 3(a) . After bonding, the bonded wafer pair was slowly cooled to room temperature, to reduce any adhesion problems caused by the different thermal expansion rates of the wafer and the SU-8 film; the influence of this bonding temperature variation on the quality of the bond was investigated.
Release Process
The next procedure is to separate the carrier wafer from the host silicon wafer. The carrier wafer can be easily separated by removing the SiO 2 layer shown in Figure 3(b) . Buffered HF was used to etch the sacrificial layer between the wafers because it does not attack the SU-8. The last step provides a hermetically sealed package consisting of the polymer structure over-deposited with a metal (Cr) layer (Fig. 3(c) ) in order to prevent leakage.
Numerical Analysis
In order to examine the mechanical characteristics, such as stress and deflection, numerical analysis was performed using finite element method. Mesh characteristics were defined to produce sufficient accuracy by mesh convergence analysis. Figure 4 shows the mesh generation of the numerical analysis model which consisted of various shapes and sizes of meshes to ensure the efficiency and accuracy of the results. Figure 5 shows a cross-sectional view of the bonding interface before the separation process. The sandwich structure consists of the host wafer, the SU-8 films, and the carrier wafer in the cross-section profile after the bonding process. The SU-8 films are used as an intermediate layer and microcap package structure. In this case, the bonding process was performed at a temperature of 120 C by applying pressure of 0.15 MPa for 30 min. An adhesive layer, with a thickness of less than 25 m, can be achieved and controlled precisely by the spin-coating process. After the bonding process, the thickness of the SU-8 layer was decreased by 2 m, but no voids were observed in either the capping layer or the bonding interface. To quantitatively determine the strength of this bond interface, the sandwich structure was subjected to a tensile test. The measured bonding strength is high enough to allow the dicing of the wafer without the detachment or partial release of any parts of the structure. The height of the cavity, as seen in Figure 5 , was determined by the thickness of the bonding rim and the SU-8 cap structure.
RESULTS AND DISCUSSION
The SU-8 cap structure was released by etching the thermal oxide layer in buffered HF acid for 4 hours. The microcap cavity has a trapezoid shape resulting from the anisotropic bulk silicon etching. The size of the cavity in this sample is 0.8 × 0.5 × 0.03 mm 3 . After releasing it, the SU-8 structure is rinsed carefully in DI-water.
The bonding strength of the bonded pair, for various bonding temperatures, was measured by pull testing. For the pull test, the bonded wafers were diced using a dicing saw, and each sample was glued to a test holder using a two component epoxy glue (RP-598-2, Ablestik Co.). The pull tests were performed using the tensile tester 8848 (Instron Corporation, Canton, MA). The tensile strength measurements were carried out with 10 samples, prepared using different bonding temperatures. All of the values were averaged, and the results show average values of 12.8 MPa and 15.7 MPa, respectively, for the wafers bonded at temperatures of 100 C and 120 C. However, during the bonding process, the temperature increased to over 120 C. Therefore, after the bonding process, the polymerization level of the top of the SU-8 structure layer increased shown in Figure 5 . This phenomenon can affect the mechanical stress and variation of the thickness of the SU-8 film. The non-uniformity of the SU-8 thickness causes problems in terms of the bonding quality which could lead to an increase in the non-bonded area. This problem can be minimized by decreasing the bonding temperature to around 100 C which is sufficiently high to form a high bonding strength (12.8 MPa). Polymers are far more permeable to gas and moisture than ceramics or metal sealants. They can be rendered hermetically, and their mechanical properties improved by the deposition of a thin metal film. However, metal Deposition can create mechanical stress in the cap layer, thus Cr films (1 m) have been deposited on the SU-8 layer as a diffusion barrier, by using the sputtering method. To investigate the role of the Cr thin film as a protective layer for the microcap, the deformation and stress of the SU-8 layers with and without a Cr thin film were simulated and analyzed using the FEM simulation software. Prior to the investigation, examination of the mesh quality has been performed by varying the number of nodes and elements to ensure the accuracy of the developed model, for which the convergence of data was confirmed. The simulation conditions were as follows: the thickness of the Cr layer was 1 m, and the thickness of the SU-8 microcap (370 m × 670 m) layer varied from 10 m to 40 m, and a pressure of 1 atm was applied on the top of the layer. The effects of different SU-8 thickness were investigated shown in Figure 6 .
It was observed that when the thickness of the SU-8 was less than 10 m, the Cr layer was subjected to a stress of 188.8 MPa, higher than its fracture stress (160 MPa). In order to use the Cr layer as a protective layer, a thickness of 40 m was selected (see Table II ).
Upon applying pressure to the surface of the 40 m thick SU-8 cap layer without a Cr thin film, the maximum deflection was 0.351 m (Fig. 7(a) ); and the maximum stress (7.138 MPa) was observed at the inside edges near the top layer (Fig. 7(b) ), this is because the deflection occurred near the center of the SU-8 layer. However, when applying the pressure to the surface of the Cr/SU-8 layers whose thickness was 41 m, the maximum deflection (0.116 m) is observed at the center of the microcap (Fig. 7(c) ), and the maximum stress (87.60 MPa) appears at the outside edges near the substrate (Fig. 7(d) ), due to the higher Young's modulus of the Cr layer (E = 279 GPa). 23 In this case, the maximum stress of the Cr layer is 87.60 MPa, which is lower than its fracture stress. Therefore, the Cr layer is able to protect the SU-8 layer under these conditions. Moreover, the deformation of the Cr/SU-8 layers is smaller than that of the SU-8 layer alone due to the pressure being decentralized toward the surface of the Cr layer. Figure 8(b) shows the completely fabricated microcap structure. No cracks were observed in the Cr/SU-8 cap structure after the whole packaging process. The SU-8 microcap was deflected towards the inside of the cavity as a result of the pressure difference, where the external pressure (P ext ) is larger than the internal pressure (P int ) shown in Figure 8 (a). This confirms minimized leakage as a result of sufficient hermetic sealing of the package. After dicing, each chip contains an individual microcap, which serves to protect the MEMS/NEMS devices.
CONCLUSION
In this study, SU-8 microcap based packaging was proposed for MEMS/NEMS devices. The SU-8, as an adhesive bonding material, was used as the cap structure material and the SU-8 microcap was fabricated on the carrier wafer and then transferred to the host wafer using transfer technology. The SU-8 adhesive bonding showed a strong bonding strength, and the measured tensile strength of the package was in the range of 11-15 MPa. To investigate the effects of the Cr layer, a FEM model was developed, in which the use of a Cr layer as a protective layer was justified. This packaging method provides a simple, easy assembly, low cost, and low temperature process for MEMS/NEMS packaging. It is expected that the proposed low temperature adhesive bonding with SU-8 can be applied to wafer-level packaging of many MEMS/NEMS devices. In the future, further studies will be performed subjecting devices packaged with this method to thermal cycle and leak rate testing.
